Urban Energy – Waste-Based Biogas, pre-project:Household waste to biogas through a turnkey pre-treatment: Value stream analysis. Results of WP1 by Hamelin, Lorie et al.
Syddansk Universitet
Urban Energy – Waste-Based Biogas, pre-project
Hamelin, Lorie ; Gabert, Melissa Carina; Glab, Agnieszka
Publication date:
2016
Document version
Final published version
Citation for pulished version (APA):
Hamelin, L., Gabert, M. C., & Glab, A. (2016). Urban Energy – Waste-Based Biogas, pre-project: Household
waste to biogas through a turnkey pre-treatment: Value stream analysis. Results of WP1. University of Southern
Denmark.
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 19. Apr. 2017
  
 
Urban Energy – Waste-Based Biogas, pre-project 
Household waste to biogas through a turnkey pre-treatment: 
Value stream analysis. Results of WP1. 
Final Report 
 
Photo: Colourbox.com 
 
ISBN 978-87-93413-04-7 
   
  
 
 
 
 
 
 
 
Title:      
Household waste to biogas through a 
turnkey pre-treatment: Value stream 
analysis. Results of WP1 of Urban 
Energy – Waste-Based Biogas, pre-
project.       
Final Report 
 
 
Publisher: 
SDU Life Cycle Engineering, 
Faculty of Engineering  
University of Southern Denmark 
Campusvej 55 
DK-5230 Odense M  
www.sdu.dk     
 
 
Date: 
2016-07-06    
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
   
 
Authors:     
Lorie Hamelin 
Melissa Carina Gabert 
Agnieszka Glab 
 
 
 
 
 
 
 
 
 
 
ISBN no.: 978-87-93413-04-7 
EAN: 9788793413047
Please cite as:  
Hamelin L, Gabert MC, Glab A. 2016. Household waste to biogas through a turnkey pre-
treatment: Value stream analysis. Results of WP1 of Urban Energy – Waste-Based Biogas, 
pre-project. Final Report. Odense, Centre for Life Cycle Engineering, University of Southern 
Denmark. 
   
  
 
Acknowledgement 
The work presented in this report is the result of the research project Urban Energy, a 
project partly financed by the Energy Technology Development and Demonstration Program 
(EUDP) of the Danish Energy Agency. 
The authors would like to acknowledge the great insights they receive from Ciprian Cimpan 
(SDU/LCE Centre) throughout this project, the help from Jette Bjerre Hansen and Inge 
Werther (Dakofa) with establishing the test protocol, the dedication, coordination and 
invaluable efforts of Laura Lindholm Andreasen (SDU/LCE Centre until September 2015), and 
the advices from Jin Mi Triolo and Ali H Vazifehkhoran (SDU/Biotek) with BMP and CSTR 
tests. We would also like to acknowledge the assistance of Viola Koch and Daniel Aneliov 
Petrov for carrying the test runs and lab analysis, as well as Amelia Elena Rotaru 
(SDU/biology) for the help with the methane analysis during the moving of our lab. Finally, 
the authors are grateful to all the project partners (Renew Energy, NGF Nature Energy, N.C. 
Miljø, Municipality of Nyborg [Nyborg Kommune], Nyborg Utility [Nyborg Forsyning & 
Service A/S] and Greatop).  
  
   
  
 
Executive Summary 
In Denmark, there is a growing interest in integrating the organic share of municipal 
household waste (MHW) as a feedstock for biogas plants. However, separating the organic 
fraction (organics) from the other fractions of MHW remains challenging. This study 
investigates the performance of a turnkey mechanical treatment unit as a centralized 
solution to recover the organics from MHW. It consists of a hammer mill crushing the 
organics against a 15-mm screen, allowing to collect these as a liquid pulp (biopulp) that can 
be used for biogas production.  
Through 8 test runs spread over a 1-y period, a full truckload of MHW from the test area 
(Nyborg municipality; 110 inhabitants km-2) was fed to the treatment unit. Both mixed MHW 
and source-separated MHW were tested. In order to simulate anaerobic digestion, the 
produced biopulp was fed to continuously stirred-tank reactors (CSTR; 20-L). The 
concentration of key substance flows has been measured (before and after digestion), as 
well as operational parameters such as the processing capacity, water- and electricity 
consumption.  
Results did not allow to compare mixed MHW and source-separated MHW given the high 
amount of garden waste in the source-separated MHW obtained. Results for mixed MHW 
showed that the produced biopulp (ca. 10% dry matter; DM, of which 75% are volatile solids; 
VS) allowed the production of a stable biogas (methane content above 60%), with a 
biochemical methane potential (BMP) competing with the one of energy crops and ranging 
between 480 – 560 NL CH4 kg-1 VS. The maximal operating flow capacity achieved was 4 t 
waste h-1; ca. 4 times lower than specified by the manufacturer. The biopulp concentration 
in heavy metals and hazardous substances was below the limit levels prescribed in the 
Danish legislation for land application, both before and after digestion. However, the 
amount of visible contaminants (plastics, glass, etc. > 2mm) varied between 5 and 10 g 
contaminant g-1 DM in the biopulp, and went as high as 50 g g-1 for one test. In e.g. Sweden, 
there is a limit of 0.5 g g-1 DM in order to apply the material on land. This, combined with the 
low flow processing capacity of the treatment unit, hinders its current feasibility as a large-
scale strategy for MHW’ organics recovery. Results also highlighted the industrial 
wastewater received from rice processing, currently used as a process water (instead/on top 
of tap water), as a substrate with a high BMP (> 600 NL CH4 kg-1 VS), a low pH (ca. 3.65), and 
therefore a potentially interesting organic acid (e.g. for manure acidification).  
  
   
  
 
Abbreviations and Notation 
This section lists some of the most commonly used abbreviations and notation symbols 
throughout this report.  
  
BMP Biochemical Methane Potential 
CH4 Methane 
COD Chemical Oxygen Demand 
Cr VI Chromium VI 
CSTR Continuously Stirred Tank Reactor 
Cu Copper 
DEHP Diethylhexyl-phthalate 
DM Dry matter (same as total solids) 
GW Garden Waste 
HRT Hydraulic Retention Time 
K Potassium 
LAS Linear Alkylbenzene Sulphonate 
MHW Mixed Household Waste 
N Nitrogen 
NH3 Ammonia 
NH4 Ammonium 
NPE Nonylphenol 
OLR Organic Loading Rate 
P Phosphorus 
PAH Polycyclic Aromatic Hydrocarbons 
S Sulphur 
TBMP Theoretical Biochemical Methane Potential 
TKN Total Kjeldahl Nitrogen 
TOC Total Organic Carbon 
TS Total Solids (same as dry matter) 
VS Volatile Solids (the volatile fraction of total solids) 
ww wet weight 
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1 Introduction  
Denmark has the ambition to digest 50% of its manure by 2020. As a result, investments in 
new biogas plants took place since the Green Growth Agreement (Ministry of Environment 
and Food of Denmark, 2009). However, there is still an issue of having enough carbon-rich 
co-substrates to co-digest along with manure, especially considering that the amount of 
energy crops that can be used is limited by law (Ministry of Energy, Utilities and Climate, 
2015). Moreover, Denmark wants to reduce the share of food waste ending up in 
incinerators (The Danish Government, 2013) and the EU has set a recycling target of 
municipal solid waste for all member states to 50% by 2022 (European Union, 2008). As of 
2014, Denmark was reaching about 30% recycling. Another changing framework condition is 
the progressively increasing share of fluctuating renewable energy sources like wind power, 
in order to achieve a 100% renewable energy supply mix by 2050 (Danish Energy Agency, 
2014). This leads to highly fluctuating energy prices and results in the need for flexible power 
supply. These flexible energy carriers have to be storable and useable for multiple purposes. 
Biogas can fulfil these requirements, since, being storable in the gas grid as biomethane, it is 
a flexible energy carrier. 
Consequently, integrating the organic share of household waste (i.e. food waste, and to 
some extent also paper) in the biogas sector appears very likely and desirable for the future. 
This approach is also facing challenges that need to be overcome. One key issue is the 
complexity of separating the organic fraction from the overall waste. One option is source 
separation, where citizens separate the organics from the rest of the waste (residual). 
However, studies showed that the efficiency of source separation is quite low (about 50%), 
due to citizens´ missing diligence in waste sorting (Cimpan, Rothmann, & Wenzel, 2015; 
Møller et al., 2013). This means that, in the Danish context, many of the organics end up 
with the residuals and thus in incineration. Another option is central sorting systems. This 
may allow to recover more organics (efficiency >90%) (Cimpan, Rothmann, & Wenzel, 2015), 
but it may be costly and also involve the risk of contaminated organics (with plastics 
particles, phthalates, pesticides, pharmaceuticals, etc.). 
In this context, the Urban Energy project investigates the performance of a simple turnkey 
mechanical pre-treatment unit as a centralized solution to recover the organics from 
municipal household waste (MHW). The project took place from January to December 2015. 
The study aims to answer the following research questions: 
1. Is it a feasible solution (on an environmental and economic perspective) to use a simple 
mechanical pre-treatment such as the one in place at N.C. Miljø (Nyborg) in order to recover 
the organics from municipal household waste (MHW) in a concentrated biopulp to be used 
for biogas production?  
2. Can a stable biogas production be achieved with the biopulp from the above-mentioned 
mechanical pre-treatment, when applied on municipal household waste? What biochemical 
methane potential (BMP) to expect? 
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3. What is the elemental composition of the biopulp? Can it be applied on land, under the 
current Danish legislation? 
This report presents an overview of the results obtained in work package 1 (WP1) of the 
Urban Energy project. All measurements are available in the Excel database delivered 
jointly with this report. 
 
2 Materials and Methods 
2.1 General description of the pre-treatment unit 
The pre-treatment unit investigated in this study is the Haarslev Food Waste Depacker 
(Haarslev Industries, 2016) in place at NC Miljø in Nyborg, currently1 used to recover 
organics from supermarket waste (Skøtt, 2013). The latter is a waste stream that can be 
regarded as rather (batch-) homogeneous in comparison to MHW. 
In a nutshell, the waste is discharged in the feeder (Figure 1a). Through a screw feeder, the 
waste is lead to a hammer mill (Figure 1b), which crushes the organics against a 15-mm thick 
screen with 15 mm perforations, allowing to collect these as a liquid pulp (biopulp) that can 
be used for biogas production. The remaining (non-organic) waste fraction continues its way 
through a conveyor belt with magnet (ferrous metal separation), allowing to collect the 
ferrous metals in a separate container (Figure 1c). The remaining waste (non-organic minus 
ferrous metals separated), from now on referred to as “residuals”, is collected in a container 
placed at the very end of the conveyor belt (Figure 1d).  
When waste is processed, water is added to the process automatically, depending on the 
amount of waste and the flow. The water is used to push out sticking parts and helps to 
wash out the organics. The current practice at the Nyborg facility, when processing 
supermarket waste, is to use a minimum of tap water, and instead use an industrial 
wastewater from a nearby company producing pre-cooked rice. This industrial wastewater is 
from this point onwards referred to as “rice water”. 
 
___________________________________ 
 
1 At the time the experiments were performed: January to December 2015 
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Figure 1: Pre-treatment unit at NC Miljø (Nyborg): (a) overview over the unit; (b) hammer mill; (c) separation of 
ferrous metal; (d) collection of the residuals at the end of the conveyor belt (in a container right below) 
2.2 Description of the test runs (at pre-treatment facility) 
The test runs that took place at the pre-treatment facility are briefly described in this 
section. Additional details on the experimental protocol are available in Appendix A. 
2.2.1 Waste collection 
Mixed household waste was collected with a municipal compaction waste truck from an area 
of Nyborg (essentially single-family residences) where citizens separate waste into 4 
fractions: paper/cardboard, plastic, organic waste (vegetable)2, and the rest, here referred 
to as “residuals”. The latter fraction includes the organic waste from animal origin (meat, 
___________________________________ 
 
2 Only the vegetable share of organic waste is sorted given that the separately collected organic waste is 
currently being composted without sterilization. This of course give less chance to recover a maximum of 
organics in the biopulp, as the citizens already had the possibility to discard the vegetable fraction upfront. 
Therefore, for one test (test 8), mixed waste from an area of Nyborg outside the test area (where there is no 
separation) was used. Unfortunately, the results from test 8 actually present an abnormally high share of 
inorganics, so it cannot be conclude wether that mattered or not. The authors however believe that this did not 
make a big difference for the results presented herein, since the vegetable fraction is high in water (thus has a 
lower BMP than e.g. meat/fat) and since the results of this study showed that there are good reasons to 
believe that a high share of the vegetable food waste does end up in the residual bin anyway. 
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etc.) and is the one used for the test run; it would have otherwise ended up in incineration 
plants. In spite of this pre-sorting, the residual waste collected was rather inhomogeneous 
(Figure 2a).  
On top of this, it was aimed, from the beginning of the project, to test the performance of 
the pre-treatment equipment also for source-separated organic household waste, since 
Nyborg municipality indicated that an experiment in Nyborg town with 500 households was 
going to start in the spring 2015 (again, essentially single-family residences). In that 
experiment, citizens can separate organic food waste (vegetable and animal origin) in a 
separate bin, in which they also have the possibility to add garden waste (Figure 2b,c). 
Additional pictures of the waste tested can be found in Appendix A (Figures 17-19). 
 
(a) (b) 
 
                                           (c) 
Figure 2: Waste input for the test runs: (a) Mixed household waste, at the treatment facility just before the test 
run (b, c) source-separated waste, directly from a citizen bin 
 
2.2.2 Cleaning 
As earlier mentioned, the pre-treatment unit was, when not used for the test runs, in full 
operation, for processing supermarket waste. Prior to each test run, the pre-treatment unit 
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was thus duly cleaned with tap water, in order to prevent any contamination from the 
previous waste. 
2.2.3 Incoming waste truck 
On a test run, the incoming waste truck from the municipality was weighted through the 
weighting scale (for trucks) available at the pre-treatment unit facility (precision of ca. ±20 
kg). After the waste was discharged (“full” truck load), the truck was weighted again, so the 
amount of waste to be processed was known. 
Through a wheel loader, the waste was then discharged in the feeder of the treatment unit 
(Figure 1a). It should be mentioned, however, that the waste was selectively discharged. Big 
items that could damage the pre-treatment unit (e.g. the cushion in Figure 2a) were taken 
out. 
2.2.4 Biopulp 
The produced biopulp was collected in a municipality truck (vacuum tanker) of a known 
capacity. The truck was weighted before and after loading it with the biopulp. 
The pre-treatment facility has a sampling outlet that was used to take biopulp samples 
(Figure 3). During each test run, subsamples of biopulp were taken every 7 – 10 minutes 
directly from the sampling outlet with a bucket covering the entire diameter of the outlet. 
This was done in order to allow the entire waste to be sampled. For every tonne of input 
waste 1 subsample of ca. 10 litres of biopulp was collected. 
 
Figure 3: Sub-sampling of biopulp from the sampling outlet 
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2.2.5 Metals 
Over a test run, there were so little metals produced (max 10 kg) that the entirety of the 
“metals” collected were weighted and sampled (Figure 4). As it can be seen from Figure 4, 
non-metals fractions were also ending up in the container for metals. 
 
Figure 4: Output metal fraction 
 
2.2.6 Residuals 
Similarly to the biopulp, several sub-samples of the residual fraction were taken, through the 
whole processing period of the input waste (Figure 5). The overall amount of residuals 
produced during the test run was weighted through weighting the container in which they 
were collected before and after the test run (again, with the weighting scale for trucks), 
along with weighting all the samples taken. 
 
(a) 
 
(b) 
Figure 5: Residual fraction: (a) sampling; (b) as it falls in the container where it is collected 
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2.2.7 Rice water 
Several sub-samples of rice water were taken directly from the tank where rice water is 
stored. 
2.2.8 Washing the metal and residual fractions 
In order to capture the efficiency of the pre-treatment unit in recovering the organics in the 
biopulps, the metal and residual fractions were washed and the water from this washing 
procedure was analysed for the content in organics, as reflected by the content in total 
organic carbon. The washing procedure is described in Appendix C. 
The cleaned residual and metal fractions were further manually separated into 3 
distinguishable fractions: metals, organics (e.g. woody material), and the rest (plastics, 
textiles, beverage cartons, etc.). 
2.2.9 Electricity, tap water and rice water consumption 
The electricity consumption before and after processing a given waste batch was read on the 
electricity meter available at the pre-treatment unit. This was also done for tap water (water 
meter). For rice water, the amount consumed was estimated through noting the height of 
the rice water in the tank where it was stored before and after processing the waste. 
2.2.10 Overview 
Figure 6 presents an overview of the overall input and output from a test run. 
  
 
Figure 6: Overview of the overall input and output from a test run 
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2.3 Test runs performed (dates and parameters varied) 
2.3.1 Dates 
All test runs were performed during the project timeline, i.e. from January 2015 to 
December 2015. It is well acknowledged that the composition of household waste varies 
from one period of the year to another. To capture this variation, two periods were targeted 
for the test runs: “spring” (April – June) and “autumn” (August – December).  
As the source-separated organic waste was not available until late May, it was not possible 
to have a perfectly randomized sampling plan (Table 1). 
2.3.2 Operating capacity 
According to the manufacturer, the maximal operating capacity varies between 10 to 15 
tonnes of waste per hour (Haarslev Industries, 2016). For each test day, two test runs were 
performed, one at 50% operating capacity and one at 75%. This was done in order to 
determine if the operating capacity has an influence on the contamination degree of the 
biopulp and metal fraction. The operating capacity could be manually adjusted on the pre-
treatment unit (in turn adjusting the water and waste flows). 
 
Table 1: Identification of the test runs. 
Test no. Date Waste type 
Test 1 09-04-2015 Mixed Household Waste 
Test 2 09-04-2015 Mixed Household Waste 
Test 3 23-04-2015 Mixed Household Waste 
Test 4 23-04-2015 Mixed Household Waste 
Test 5 13-05-2015 Source Separated Food Waste + Garden Waste  
Test 6 28-05-2015 Mixed Household Waste  // Capacity test, no samples taken 
Test 7 18-08-2015 Source Separated Food Waste + Garden Waste, shredded 
Test 8 02-12-2015 Mixed Household Waste, shredded 
 
2.4 Lab-scale biogas production with the biopulp – tests in CSTR 
In order to simulate realistic conditions for the digestate composition, and to test whether a 
stable biogas production could be obtained with the biopulp, samples of the collected 
biopulp were fed to 2 continuously stirred tank reactors (CSTR), each with an operating 
volume of 16 L. The used inoculum is from Fangel biogas plant and the biopulp is 
progressively added, in greater and greater proportions to slowly adjust the inoculum to the 
biopulp. When the process reaches stable biogas production, the actual test begins. The 
tests were performed under mesophilic conditions. The biopulp collected during the test 
runs was frozen and unfrozen as needed (and kept in a fridge) to feed the CSTR reactors. 
Additional details are presented in Appendix D. 
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Because of the time needed for running a CSTR test and due to a limited number of available 
reactors, not all of the samples could be tested with the CSTR. Therefore, this was 
performed only for tests 1-4. 
 
The organic loading rates (OLR) and hydraulic retention times considered for the CSTR tests 
are as presented in Table 2. The produced biogas flow and temperature were constantly 
recorded, and the pH inside the reactors was measured every time the reactors were fed 
(i.e. once per day). Samples of the produced biogas were collected throughout and analysed 
for their methane content (% of the total gas), while samples of the digestate were collected 
at the end of the experiment (i.e. after the HRT). 
 
Table 2: HRT and OLR used for the CSTR tests 
  
OLR 
(g VS L-1 d-1) 
HRT 
(days) 
Test 1 3.98 25 
Test 2 3.31 24.9 
Test 3 3.53 20 
Test 4 3.28 20 
 
2.5 Biopulp and rice water composition - Laboratory analysis 
The following lab experiments and physical characterisations have been performed at the 
University of Southern Denmark according to the test methods, which can be found in 
Appendix E: 
• COD 
• TOC 
• TKN 
• NH3 & NH4+ 
• P 
• K 
• TS 
• VS 
• pH 
• density 
• viscosity 
 
The determination of the biopulp (and rice water) content in substances regulated by the 
Danish Ministry of Environment for application on land3, i.e. heavy metals and 
environmental hazardous substances, was performed by the external laboratory  Agro-Lab, 
located in Tommerup (Appendix E). 
___________________________________ 
 
3 “Slambekendtgørelsen”; Danish Ministry of the Environment and Food (2006) 
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2.6 Biopulp and rice water – biochemical methane potential (BMP) 
The bio-methane-potential (BMP) test was carried out according to DS/EN ISO 11734 (ISO, 
1998) for all tests except test 6 (capacity test). The BMP test, was running for 54 days (see 
further information in Appendix D). 
2.7 Biopulp – purity test (visible contamination > 2 mm) 
In order to assess the importance of eventual contamination (e.g. light plastic particles 
ending up in the biopulp), a “purity” test was performed with the endeavour to measure the 
mass of particles greater than 2 mm in one litre of biopulp. The biopulp was first sieved 
through a 2 mm mesh. If sieving was not possible due to the thickness of the biopulp, small 
subsamples were squeezed to drain the water, and the particles (>2 mm) were collected by 
tweezers. These were then dried and weighted (see further information in Appendix D). 
2.8 Digestate composition - Laboratory analysis 
The same analysis as described in section 2.5 were performed for the digestate samples, 
obtained from the CSTR experiment. 
3 Adjustments and additional tests – not part of the initial 
test protocol 
3.1 Capacity test 
As it will be highlighted in the results sections, the first test runs showed that a very low 
operating flow capacity was obtained in comparison to what was expected. For this reason, a 
“capacity test”, test 6, was performed, where the aim was to achieve the highest processing 
capacity possible (as much waste as possible per unit of time, and limiting the water use). 
This trial also attempted to capture the evolution of the total solids and viscosity in the 
biopulp produced as a function of time (the first samples were expected to have a higher 
water content). Sampling was done every 6 minutes which resulted in 9 sub-samples of 
biopulp (10 liters each), for which only TS and viscosity analysis were performed. 
3.2 Influence of shredding the waste prior to input to the pre-
treatment 
In link with the above test capacity, the idea of shredding the waste in order to increase the 
processing capacity was tested. The waste from tests 7 and 8 was thus shredded prior to its 
input to the treatment unit (Table 1).  
3.3 Influence of the rice water 
It was initially not possible to perform the test runs without the rice water, but a technical 
solution has been found, so tests 7 and 8 were performed without rice water (Figure 7). This 
is expected to have an influence particularly for the biochemical methane potential. 
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3.4 Potential for downstream improvement 
In order to test the potential for isolating the visible contaminants from the biopulp, two 
additional tests were performed. These are briefly described here, and further detailed in 
Appendix F, including their results.  
• A centrifuge test, which was used to separate the biopulp into a liquid and a solid 
fraction, in the hope that degradable organics could be concentrated in one fraction, 
and the contaminants in another fraction. The composition of the liquid fraction was 
then analysed. This was performed with a lab-scale centrifuge at SDU. 
• A cyclone test, based on the cyclone newly installed at another N.C. Miljø facility. The 
idea is to separate the heavy contaminants (e.g. glass). For this, the cyclone of N.C. 
Miljø was used. However, it was not possible to use it with the collected biopulp 
samples. It was thus simply run with the waste it is currently processing (supermarket 
waste), and the visible contaminants before and after the cyclone were assessed, just 
for having an idea of the potential of this technology. 
4 Results 
4.1 General comments on the source-separated waste 
The source-separated MHW waste was found to consist mostly of garden waste rather than 
food waste, as it will be highlighted by the various results presented in this section. There 
was a lot of soil found in the biopulp, and grass in the residuals. Through e.g. grass does have 
an interest on a biogas point of view, clearly, the treatment unit is not designed to process 
such waste. Tests with the source-separated waste were performed in May and in August. In 
both cases, the proportion of branches, soil and grass was high in comparison with the food 
waste.  
Therefore, it was not possible to judge if a upstream “treatment” of the organic waste (i.e. 
having it separated from the plastics and other residuals by the citizens) would improve the 
performance of the pre-treatment unit. 
  
     
Results 
 
 
   12 
4.2 Operation Results 
Table 3 shows an overview of the operation results from the test runs.  
Table 3: Operation results. 
Test no. 
Operating 
“Capacity”* 
[%] 
Duration 
[h] 
Electricity 
consumption 
[kWh/t input waste] 
Flow 
Capacity 
[kg Waste/h] 
Test 1 70 0.75 
20a 3900a 
Test 2 50 0.83 
Test 3 50 1.00 29 2350 
Test 4 70 0.50 137 980 
Test 5 40 1.17 11 2100 
Test 6 75 0.90 29 2500 
Test 7 35-45 1.5 - 3100 
Test 8 50 1.17 8 2657 
Average Mixed 
Household Waste    21.5 2901 
*pre-defined parameter on the treatment unit, adjusted manually 
a Average for test 1 and 2. Because of a technical problem, it was not possible to get an individual figure for each test 
 
As it can be observed from Table 3, the maximum processing (or flow) capacity achieved was 
during the first test runs, with 3.9 tonnes of waste per hour. This is seen as rather low, 
especially considering the 10-15 tonnes per hour specified by the manufacturer. On the 
other hand, it reflects the difficulty of processing an inhomogeneous stream such as mixed 
household waste. 
It also reflects the reluctance of the operating staff to feed too much waste at the time, in 
order not to break the equipment. 
An electricity consumption much above the one measured for the other tests can be 
observed for test 4. This is due to heavy clogging of the hammer mill that happened during 
that test. Excluding that test, it can be noted that the electricity consumption for the tests on 
non-shredded mixed household waste did not vary much across the tests. 
An overview of the mass balances for each test, in terms of inputs and outputs, is presented 
in Figure 7 and 8, respectively. 
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Figure 7: Input mass balance. 
 
As illustrated in Figure 7, waste represented less than 50% of the overall input, except for 
test 7 (source-separated waste) where it represented 56%. It went as low as being 10% of 
the input (test 4), reflecting the clogging problem that occurred on that test. 
The water consumed was automatically adjusted in function of the amperage of the unit, 
reflecting the important amount of energy needed at the hammer mill to process MHW. 
However, the pre-defined settings were not necessarily optimal for dealing with that type of 
waste stream. 
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Figure 8: Output mass balance. 
Figure 8 shows that the amount of metal fraction is very low (< 1%) for all tests and the 
biggest shares of residuals were found in the outcome of test 8 (15%) and test 7 (26%). 
These are also the 2 tests involving waste shredding. 
 
4.3 Biopulp Results 
4.3.1 Physical composition 
Table 4 presents the results of the measured physical properties of the biopulp (stemming 
from both type of waste tested) and the rice water. 
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Table 4: Physical properties of the 2 biopulps and of the rice water. 
Sample pH 
Density 
[kg/L] 
TS 
[w. %] 
VS 
[w. % of TS] 
Biopulp, Mixed household waste 
Test 1, MHW 70 % 5.06 1.0 14 71 
Test 2, MHW 50 % 5.01 1.0 11 75 
Test 3, MHW 50 % 4.97 1.0 9.4 75 
Test 4, MHW 70 % 4.77 1.0 8.3 79 
Test 8, MHW 50%, shredded 5.32 0.98 9.1 72 
Average of the above  5.03 1.0 10.4 74.4 
Biopulp, Source-separated MHW (food waste + ”light” garden waste) 
Test 5, GW 40 % 4.72 1.0 6.1 69 
Test 7, GW 35-45%, shredded 5.45 1.1 17.75 46.2 
Average of the above  5.01 1.05 11.9 57.6 
Rice water 
Rice water 1 3.66 - 2.5 87 
Rice water 2 3.63 - 3.7 90 
Rice water 3 3.64 - 3.2 89 
Average Rice Water  3.64 - 3.1 89 
     
Manure* (pig slurry) 7 ~1 <10 ~80 
* ex-housing; for comparison only. Based on Hamelin et al. (2014) 
For the pH, the density and the content of dry matter (or total solids, TS), the results are 
quite similar for both biopulps. It shows a slightly acidic pH, a density about the one of 
water, and a content of dry matter (DM) similar to the one found with cow slurry. As it can 
also be seen, the pH of rice water is rather acidic. This probably explains why test 7 and test 
8 have a slightly higher pH, where there was no rice water used in the process. 
As for the share of the total solids that are volatile solids (and hence may degrade during 
anaerobic digestion), it can be observed that it was higher for the biopulp from mixed 
household waste than for the biopulp from source-separated waste. Given that, as it will be 
later discussed, the source-separated waste mostly consisted of garden waste and in 
particular soil and branches, it was expected that this biopulp would involve less degradable 
solids. Interestingly, rice water presented a high share of its (little) dry matter to be volatile 
solids.  
The average figures for these parameters are also presented for pig slurry, for comparison 
purposes. 
     
Results 
 
 
   10 
4.3.2 Organic and nutrients content 
The organic and nutrient composition of the 2 biopulps and rice water is presented in Table 5. 
Table 5: Nutrient & C content in the 2 biopulps and rice water. Results are presented as a % of the total solids, unless otherwise specified. Inconsistencies due to rounding. 
Sample 
TS 
[w. %] 
COD 
[g/gTS] 
TOC 
[w. % of TS] 
TKN 
[w. % of TS] 
NH4 
[w. % of TS] 
P 
[w. % of TS] 
K 
[w. % of TS] 
Biopulp, Mixed household waste 
Test 1, MHW 70 % 14 1.1 27 1.7 0.26 0.37 0.68 
Test 2, MHW 50 % 11 1.2 33 2.0 0.41 0.46 0.65 
Test 3, MHW 50 % 9.4 1.2 29 2.3 0.35 0.43 0.67 
Test 4, MHW 70 % 8.3 1.4 38 2.2 0.21 0.43 0.48 
Test 8, MHW 50% 9.1 0.60 4 2.9 0.59 0.20 0.40 
Median of the above 9.4 1.2 29 2.2 0.35 0.43 0.65 
Danish average ** 25 - - 2.8 - 0.50 1.10 
Biopulp, Source-separated MHW (food waste + ”light” garden waste) 
Test 5, GW 40 % 6.1 1.2 29 2.0 0.27 0.50 2.0 
Test 7, GW 35-45% 17.8 0.6 16 1.5 0.23 0.25 1.1 
Average of the above  15.0 0.9 23 1.8 0.25 0.38 1.6 
Rice water 
Rice Water 1 2.5 1.7 48 2.3 0.21 1.12 0.89 
Rice Water 2 3.7 2.5 68 2.5 
 
1.00 0.96 
Rice Water 3 3.2 1.3 30 2.7 0.24 0.72 0.93 
Average Rice Water  3.1 1.8 49 2.5 0.23 0.95 0.93 
 Manure* (pig slurry) 6.9 - 50 8 6 2 4 
* ex-housing **Hansen et al. (2007) 
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Interestingly, the nutrient content of the 2 biopulps is rather close to what could have been 
expected for organic waste (Danish average line). Potassium is an exception; its content is 
about half the Danish average of the mixed MHW biopulp, and for the source-separated 
MHW biopulp, its value is an increase of ca. 50% compared to the Danish average for organic 
waste. The TS content is however lower (about half). For both biopulp, the variability in the 
observed content of TS is, however, rather important (ranging between 8 and 14 % for the 
mixed MHW, and between 6 and 18% for the source-separated MHW). The content in total 
organic carbon appears, for both biopulp, to be about half of what is found in the rice water 
(and pig manure). The amount found for test 8 is particularly low in comparison to the other 
tests. 
As for the quality of the nutrients, the proportion of ammoniacal (or inorganic) nitrogen 
found in the biopulp (i.e. the one that can be directly used by plants), as a percentage of the 
TS, is quite lower than what is found in pig manure. The acidic pH, however, probably 
ensures that the ammoniacal nitrogen stays under that form, so the content is not expected 
to decrease as the biopulp is e.g. stored. 
As earlier mentioned, the content in nutrients and organics was expected to be slightly 
higher for test 8, since that (mixed) MHW came from an area where there were no 
opportunities for citizens to sort the vegetable food waste in another bin, unlike tests 1-4. 
Interestingly the total organic carbon is instead pretty low, but this is probably simply 
reflecting the inhomogeneity of the waste, and nothing can really be concluded on the 
difference from this single trial. While the N of test 8 is higher than for tests 1-4, the P and K 
content is the lowest (among all tests with mixed MHW). 
Rice water presents a TOC similar to the one of pig manure (in % of the TS), and a N content 
similar to the one of the biopulp. Its P and K content, are however slightly higher than those 
of the biopulp (again, as a % of the TS). 
 
4.3.3 Heavy metals content 
The results for the heavy metals content of the 2 biopulps (mixed and source-separated 
MHW) and rice water are presented in Table 6.  
Comparing the results for mixed MHW and source-separated MHW (or garden waste), a 
tendency of more heavy metals in the latter can be seen: 125% on average more arsenic, 
57% more lead, 39% more chromium, 73% more nickel and 180% more iron. However, 
source-separated MHW (garden waste) present lower heavy metals concentration than 
mixed MHW in terms of copper and zinc (-98% and -46% respectively).
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Table 6: Heavy metals content in the 2 biopulps and rice water.
Sample 
Arsenic 
[mg/kg TS] 
Lead 
[mg/kg TS] 
Cadmium 
[mg/kg TS] 
Chromium 
[mg/kg TS] 
Copper 
[mg/kg TS] 
Nickel 
[mg/kg TS] 
Mercury 
[mg/kg TS] 
Zinc 
[mg/kg TS] 
Cr VI 
[mg/kg TS] 
Iron 
[mg/kg TS] 
Biopulp, Mixed household waste 
Test 1, MHW 70 % 0.9 11 <0.250 <5.0 25 <5.0 <0.10 217 <1.0 1330 
Test 2, MHW 50 % 1.1 <5.0 0.70 5.2 4575 6.1 <0.10 185 <1.0 2080 
Test 3, MHW 50 % 0.9 8.4 <0.250 13 45 6.9 <0.10 405 <1.0 3010 
Test 4, MHW 70 % 1.1 19 <0.250 9.7 27 <5.0 0.13 302 <1.0 2470 
Test 8, MHW 50% 0.9 7 0.31 5.1 25 3.9 <0.03 295 <1.0 2100 
Median 0.9 8 < 0.25 5.2 27 < 4.9 < 0.1 295 <1.0 2100 
Biopulp, Source-separated MHW (food waste + ”light” garden waste) 
Test 5, GW 40 % 2.6 18 0.329 15 31 11 <0.10 196 <1.0 7030 
Test 7, GW  35-45% 1.9 16 <0.250 7.8 23 8.9 <0.10 105 <1.0 5410 
Average  2.3 17 - 11.4 27 10 - 151 <1.0 6220 
Rice water 
Rice water 1 1.15 0 0 0 0 0 <0.10 217 <1.0 0.0005 
 Limit for application 
on land* 
- 120 0.8 100 1000 30 0.8 4000 - - 
*Danish Ministry of the Environment & Food (2006) 
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Table 6 shows that the heavy metals content in the biopulp and rice water samples was, for 
all metals but cooper, always within the limits applying in Denmark for application of waste 
material on land. The only one exception is the cooper level measured from the biopulp 
produced in test 2 which exceed the limit of copper content almost 5 times and its cadmium 
level is close to the allowed limit. This reflects, once again, inevitable “punctual” events that 
can happen with household waste, in weeks where something unusual (in this case it could 
for example be wires, or some electric cables) is thrown in the waste bin of given citizens. 
For cadmium, one explanation could be the important amount of old batteries found in the 
residual fraction. 
4.3.4 Sulphur and hazardous substances 
As for the heavy metals, the biopulp and rice water content in hazardous substances that are 
limited by law for application of waste materials on land were measured (Table 7). 
Table 7: Sulphur and hazardous substances in the 2 biopulps and rice water. 
*Danish Ministry of the Environment & Food (2006) 
For all biopulp samples across all test runs, the content in hazardous substances was found 
well below the prescribed limit. Again, there seem to be differences between the two 
biopulps, where the one from source-separated MHW (garden waste) appears to present 
slightly lower concentration in plasticizers (DEHP) and NPE, but higher PAH. 
Sample 
PAH 
[mg/kg TS] 
DEHP 
[mg/kg TS] 
NPE 
[mg/kg TS] 
LAS 
[mg/kg TS]  
S 
[% of TS] 
Mixed household waste 
Test 1, MHW 70 % <0.50 6.3 2.50 <50.0 
 
0.25 
Test 2, MHW 50 % <0.50 4.6 2.02 <50.0 
 
0.26 
Test 3, MHW 50 % <0.50 7.1 0.55 112 
 
0.28 
Test 4, MHW 70 % <0.50 8.8 3.50 135 
 
0.27 
Test 8, MHW 50% 
 
29 1 <50.0 
 
0.20 
Average  <0.50 6.7 1.89 < 80 
 
0.27 
Source-separated MHW (food waste + ”light” garden waste) 
Test 5, GW 40 % 0.34 1.1 <0.100 <50.0 
 
0.21 
Test 7, GW 35-45% 
 
<0.5 0.36 <50.0 
 
- 
Average  0.34 - - <50.0 
 
0.21 
Rice water 
Rice water 1 0.29 <0.0008 0.036 <0.0001 
 
0.29 
       Limit for application 
on land * 
3 50 10 1300 
 
- 
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4.3.5 Purity test (particles >2 mm) 
The content in visible contaminants (particles > 2 mm) retrieved from 1 L of biopulp 
(repeated 3 times per sample) is presented in Table 8 (and pictures from the isolated 
impurities are presented in Appendix D).  
 
Table 8: Purity test results. 
Sample 
Impurity 
[g/L] 
TS biopulp 
[g/L] 
g/g TS 
[%] 
Test 1, MHW 70 % 8.4 143 6 
Test 2, MHW 50 % 9.5 106 9 
Test 3, MHW 50 % 6.8 103 7 
Test 4, MHW 70 % 4.4 85 5 
Test 8, MHW 50% 44.9 89 50 
Limit* - - <0.5 
*application on soil in Sweden 
The contamination, in g of contaminants per g of TS in the biopulp ranged between 5% and 
50%, although for tests 1-4 it ranged from 5 to 8% only. There is not strict restriction for the 
inorganic content in waste materials applied on soils in Denmark, however, in e.g. Sweden 
this value should not be higher than 0.5% for the agricultural application (SP Technical 
Research Institute of Sweden, 2015). All samples analysed here are well above that limit. 
 
Test 8 stood out from the other tests due to it extremely high content in inorganics. That 
was caused by high content of heavy particles like pieces of a glass, up to 1 cm in diameter, 
or stones. 
4.4 Metal Fraction 
The results of the manually sorted metal fractions for test runs 1, 4 and 8 are presented in 
Figure 9 and illustrated in Figure 10.  
 
 
Figure 9: Impurities of Metal Fractions after Pre-treatment and Washing (ww). 
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As it can be seen from Figure 9, the metal fraction consisted, on a wet weight basis, of 60 – 
87% metals, the balance being essentially residuals. 
 
(a) 
 
(b) 
Figure 10: Metal fraction: (a) as collected; (b) after removing non-metals 
 
4.5 Residual Fraction 
The results of the manually sorted residual fractions for test runs 1, 4 and 8 can be found in 
Figure 11, and an illustration in Figure 12. Since test 4 had not constant input flow due to the 
blocked snail, it is not considered for the comparison. 
 
Figure 11: Impurities of Residual Fractions after Pre-treatment and Washing (ww) 
Figure 11 highlights the acceptable efficiency for ferrous metal separation, these 
representing only between 1-4% of the residual fraction. As shown in Figure 12, a certain 
share of hardly-degradable organics (mostly woody residues) was also found in the residual 
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fraction. Unlike supermarket waste, organic waste from MHW give rise to a very disparate 
residual fraction (Figure 12). 
 
   
(a) (b) (c) 
  
 
(d) (e) (f) 
Figure 12: Residual fraction and separation of sub-fractions: (a) residual fraction as collected at the end of the 
pre-treatment unit; (b) isolated hardly degradable organics; (c) isolated plastics; (d) isolated metals; (e) isolated 
textiles; (f) isolated beverage cartons and alike  
 
4.6 Wash water and efficiency of organics recovery 
As mentioned in the methodology section, the sampled metals and residuals were washed in 
order to investigate the amount of small organics that ended up sticking on these fractions, 
instead of being recovered in the biopulp. Through this, it was found that a maximum of 5% 
of the small organics were lost in the metal fraction, and 4% in the residual fraction (Figure 
13). This maximum happened for test 8. Otherwise, it was found that less than 4% of the 
organics are not recovered in the biopulp. In a nutshell, an efficiency for recovering the 
organics in the biopulp varying between 91%-99% was found (Figure 13). 
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Figure 13: Mass balance for biopulp concentration. 
 
4.7  Biochemical Methane Potential (BMP) 
The BMP test results are presented in Figure 14. The graph shows the methane production in 
normal litres per kg volatile solids of the substrate. 
Table 9 gives the final (accumulated) amount of the methane produced per amount of the 
VS, TS, and per amount of the substrate wet weight. The percentage content of methane for 
the biopulp and rice water samples is also presented.  
 
Figure 14: Methane production (BMP results) 
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Table 9: BMP of the 2 biopulps and rice water. 
BMP units 
Test 
1 
Test 
2 
Test 
3 
Test 
4 
Test 
8 
Rice 
Water 1 
Rice 
Water 2 
Test 
5 
Test 
7 
NL CH4/kg VS 508 549 556 481 515 1383 696 407 198 
NL CH4/kg biopulp 
(wet) 
50 45 39 32 33 30 23 17 16 
NL CH4/kg DM 361 412 417 380 371 1203 626 281 91 
% CH4 in gas 69 68 69 69 68 74 72 64 64 
 
As shown in Table 9, the BMP measured were pretty high, varying between 200 to 1400 NL 
CH4 kg-1 VS. In fact, most of these BMP are above the theoretical BMP (so-called TBMP) that 
could be expected (i.e. the BMP that would be obtained if the substrate is left to degrade 
indefinitely), when estimating TBMP on the basis of the COD4. One explanation for this could 
be an underestimation of the COD, which required a very small sub-sample for the analysis 
(i.e. the “real” TBMP may be higher that estimated with the current COD results5). Additional 
explanations for these high BMP values are discussed below.  
Figure 14 highlights a particularly high BMP for rice water, especially for rice water 1. In fact, 
this BMP for rice water 1 is about twice as much the TBMP for that substrate (for rice water 
2, the BMP measured is below the theoretical BMP). This overestimation for the BMP of rice 
water 1 is believed to stem from an underestimation of the TS and VS content. In fact, the 
rice water probably contains a certain proportion of alcohol, which quickly evaporates 
during the TS measurement (same also applies for volatile fatty acids), resulting in an 
underestimation of the TS. Nevertheless, a BMP of 696 NL CH4 kg-1 VS (rice water 2) is fairly 
interesting, for an industrial waste water. 
Like rice water 1, the BMP measured for test 8 is also about twice the TBMP. This is quite 
unexpected, especially given the high share of inorganics in this biopulp (Table 8). It is thus 
difficult to make deductions on the effect of rice water (no rice water in the biopulp from 
test 8) or the fact that the waste was collected in an area where there were no possibilities 
to sort out any food waste. However, for the effect of rice water, tests 5 and 7 can be 
compared. Of course, only one test is not enough to make a statement; however, the test 
without rice water (test 7) has here a remarkably lower BMP. This tends to indicate a rather 
positive effect of using rice water instead of tap water. 
___________________________________ 
 
4 TBMP estimated as COD x 350 Nm3 CH4 t
-1 COD 
5 One better way to estimate the TBMP would be to do it on the basis of the composition of the VS (in terms of 
protein, carbohydrates, etc.), but such analysis were not part of the scope of this project. 
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As it could be expected, the lowest BMPs (198 – 407 NL CH4 kg-1 VS) were found for tests 5 
and 7, i.e. the biopulp stemming from source-separated MHW (which consisted mostly of 
garden waste). As there was soil and other heavily degradable materials in the biopulp from 
these tests, a lower BMP was in fact expected. Nevertheless, these BMP are relatively high; 
in comparison, the BMP for e.g. energy crops is ca. 400 – 475 NL CH4 kg-1 VS (Triolo et al., 
2012). 
The range of BMP for tests 1-4 with the biopulp from processing mixed MHW ranged 
between 480 – 560 NL CH4 kg-1 VS. This is remarkably high, and higher than what could be 
expected with average organic waste (ca. 330 NL CH4 kg-1 VS; Hamelin et al., 2014). By 
comparison, the BMP for maize silage is about 380 NL CH4 kg-1 VS, meaning that the biopulp 
stemming from mixed MHW is competitive with maize silage, for methane production. 
4.8 Continuously Stirred Tank Reactor 
The results of the accumulated gas production during CSTR analysis can be seen in Figure 15 
for test 1 and test 2 and Figure 16 for test 3 and test 4.  
 
Figure 15: CSTR: Accumulated gas production, test 2 and test 1. 
 
Figure 16: CSTR: Accumulated gas production, test 3 and 4 (beyond HRT) 
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CSTR tests showed that it was possible to achieve a stable gas production with an hydraulic 
retention time (HRT) of 20 – 25 days and an organic loading rate (OLR) of 3.2 – 3.9 
kg/(m3*d). The average percentage of methane in the produced biogas is shown in Table 10. 
Table 10: Average percentage of CH4 in the biogas, as measured during CSTR tests. 
 Test 1 Test 2 Test 3 Test 4 
CH4 [%] 63 60 51 50 
 
The percentage of methane in the gas is as expected. It is slightly lower for tests 3 and 4, 
reflecting that the gas samples were taken at the later stages of the production for these 
tests. 
 
4.8.1 Digestate Results 
As for the raw biopulp, the digestate obtained at the end of the CSTR experiment was 
collected and the same chemical analysis were performed for it. Here, we present, for tests 
1-4, the results obtained for the (raw) biopulp, and for the digested biopulp (Tables 11- 13). 
Though it is interesting to compare the biopulp samples before and after digestion, it must 
be reminded that the results do not come from the same exact sub-sample of the initial ca. 
100 L taken from the pre-treatment plant. Even though efforts were made to minimize the 
inevitable variations caused by an inhomogeneous substrate such as the biopulp from MHW 
(like performing all analysis in triplicate), results should still be interpreted with care. 
As it could be expected, a decrease in TS is observed for all substrates, in average by 65%. 
This reflects that share of the VS that have been degraded in the gas. For the same reason, a 
decrease in COD was also expected. Here a reduction of 24% in average was observed. This 
also applies for total organic carbon (TOC), here with a reduction of 32% in average. 
Similarly, the VS share of the TS has decreased, but still represent a considerable share of the 
TS, reflecting the remaining potential for an additional biogas production in the digestate, as 
also highlighted in recent research (Møller et al., 2015). 
For all tests, the proportion of ammoniacal N has significantly increased (a 14-fold increase 
in average). This was also expected, and reflects the degradation of the organic N during the 
anaerobic digestion process, thereby increasing the fertilising value of the remaining 
digestate, which now contains a greater share of inorganic N. 
Finally, there seems to be a pattern that the concentration of N, P, and K (as a % of the TS) 
are increased in the digestate. This appears logical; given the VS loss, the nutrients should 
represent a higher share of the VS. The magnitude, however, is not exactly proportional to 
the VS  loss (average values in brackets): nitrogen (+262%), phosphorus (+96%) and 
potassium (+1387%). But this may simply reflect the inevitable errors with the 
representativeness of the sub samples when performing measurements in the laboratory 
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(very small samples are used for the measurements, in comparison to the whole ~100 L of 
biopulp initially collected for each biopulp). 
Heavy metals are also, in general, increased as a proportion of the TS, and again an 
increased in their concentration just reflect that these are not lost in the gas. This is also true 
for some of the hazardous substances (PAH and DEPH) and sulphur (though some of the S is 
expected to be lost in the gas), but not so clear for the hazardous substances NPE (in 
particular) and LAS, where there seem to sometimes be a decrease in their concentration. 
This indicates that they may be degraded in the gas, which is rather positive, but more tests 
would be needed to make a strong conclusion for this. 
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Table 2: Organic and nutrients content in the biopulp and its digestate. 
Sample TS [w. %] 
COD 
[g/gTS] 
VS 
[w. % of TS] 
TOC 
[w. % of TS] 
TKN 
[w. % of TS] 
NH4 
[w. % of TS] 
P 
[w. % of TS] 
K 
[w. % of TS] 
Test 1, MHW 70 %, 
biopulp 14 1.1 
71 27 1.7 0.26 0.37 0.68 
CSTR Test 1, digestate 3.5 0.8 64 21 7.4 5.64 0.63 8.01 
   
 
     Test 2, MHW 50 %, 
biopulp 11 1.2 
75 33 2.0 0.41 0.46 0.65 
CSTR Test 2, digestate 3 1 68 22 8.9 5.38 0.86 10.1 
   
 
     Test 3, MHW 50 %, 
biopulp 9.4 1.2 
75 29 2.3 0.35 0.43 0.67 
CSTR Test 3, digestate 4.5 0.9 66 19 5.9 2.06 0.97 7.48 
   
 
     Test 4, MHW 70 %, 
biopulp 8.3 1.4 
79 38 2.2 0.21 0.43 0.48 
CSTR Test 4, digestate 3.2 1 67 24 6.3 4.28 0.86 10.07 
   
 
     
Manure* (pig slurry) 6.9 - 80 50 8 6 2 4 
 
  
* ex-housing 
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Table 12: Heavy metals content in the biopulp and its digestate 
Sample Arsenic [mg/kg TS] 
Lead 
[mg/kg TS] 
Cadmium 
[mg/kg TS] 
Chromium 
[mg/kg TS] 
Copper 
[mg/kg TS] 
Nickel 
[mg/kg TS] 
Mercury 
[mg/kg TS] 
Zinc 
[mg/kg TS] 
Cr VI 
[mg/kg TS] 
Iron 
[mg/kg TS] 
Test 1, MHW 70 %, 
biopulp 0.9 11 <0.25 <5 25 <5 <0.1 217 <1 1330 
CSTR Test 1, 
digestate 1.7 15 0.64 25 49 14 <0.1 450 <1 3650 
           
Test 2, MHW 50 %, 
biopulp 1.1 <5 0.7 5.2 4575 6.1 <0.1 185 <1 2080 
CSTR Test 2, 
digestate 1.8 9.4 1.2 56 123 29 <0.1 838 <1 3550 
           
Test 3, MHW 50 %, 
biopulp 0.9 8.4 <0.250 13 45 6.9 <0.10 405 <1.0 3010 
CSTR Test 3, 
digestate 2.3 13 <0.250 39 93 21 <0.1 789 <1.0 6520 
           Test 4, MHW 70 %, 
biopulp 1.1 19 <0.250 9.7 27 <5.0 0.13 302 <1.0 2470 
CSTR Test 4, 
digestate 2.1 9 0.399 28 75 17 <0.1 785 <1.0 7610 
           
Limit for land 
application* - 120 0.8 100 1000 30 0.8 4000 - - 
*Danish Ministry of the environment (2006) 
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Table 13: Hazardous substances and sulphur in the biopulp and its digestate. 
Sample PAH [mg/kg TS] 
DEHP 
[mg/kg TS] 
NPE 
[mg/kg TS] 
LAS 
[mg/kg TS]  
S 
[% af TS] 
Test 1, MHW 70 %, biopulp <0.5 6.3 2.5 <50  0.25 
CSTR Test 1, digestate 0.766 29 <0.1 160  0.48 
       
Test 2, MHW 50 %, biopulp <0.5 4.6 2.02 <50  0.26 
CSTR Test 2, digestate 1.016 21 <0.1 100  0.50 
       
Test 3, MHW 50 %, biopulp <0.50 7.1 0.550 112  0.28 
CSTR Test 3, digestate 0.895 15 1.63 70   
       
Test 4, MHW 70 %, biopulp <0.50 8.8 3.50 135  0.27 
CSTR Test 4, digestate 0.517 14 2.38 100   
       Limit for application on 
land * 3 50 10 1300  - 
*Danish Ministry of the Environment & Food (2006) 
4.9 Capacity test 
Key results of the capacity test (test 6) are presented in Table 3. Here, the TS and viscosity of 
all biopulp samples taken in that test are presented (Figure 17). It shows that no clear 
pattern in terms of TS increase/decrease with time was observed (e.g. lower at the 
beginning of the test, and more constant thereafter, as it was expected). Viscosity and TS 
appear correlated, as expected (higher TS, higher viscosity and vice-versa). 
 
Figure 17: Capacity test (test 6): evolution of TS and viscosity through time as biopulp is produced 
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5 Discussion 
Based on what has been done during this study some interpretations can be made. 
Nevertheless, it has to be highlighted that more test replicates are necessary to make 
statistically significant interpretations of these results. This study was in fact just a “pre-
project”, and was limited to a short duration of one year, which limited the amount of test 
runs that could be performed. This should be beard in mind when reading the discussion 
below. 
Overall, it was shown that mixed municipal household waste can technically be used in a 
simple turnkey mechanical pre-treatment unit such as the one installed at N.C. Miljø 
(Nyborg) and tested in this study. However, there are issues with the flow capacity 
processed, which is overall rather low; at maximum 4 tonnes per hour, which is about 4 
times less than what could have been expected based on the specifications of the 
manufacturer. It is difficult to imagine that such a low flow capacity processed could be 
economically profitable. To make it feasible to treat MHW in this way, improvements to the 
unit should be made so the amount of waste processed per hour is closer to the 
specifications of the manufacturer. This will be further discussed herein. 
The biopulp from mixed MHW was shown to have a rather competitive BMP, ranging 
between 480 – 560 NL CH4 kg-1 VS (tests 1-4). This is remarkably high, at least higher than 
what could be expected with average organic waste (ca. 330 NL CH4 kg-1 VS; Hamelin et al., 
2014). By comparison, the BMP for maize is about 380 NL CH4 kg-1 VS, meaning that the 
biopulp stemming from mixed MHW is a competitive substrate, for methane production. 
Further, the CH4 content in the biogas represented almost 70% of the gas (tests 1-4), which 
is close to the methane content of fish waste (71%) and straw (70%) and even higher than 
pig slurry (65%) (Swedish Gas Center, 2012).  
Rice water was found to be a rather interesting substrate to use as a process water, 
especially in the endeavour to ultimately produce biogas. It was found to have a rather high 
BMP (696 NL CH4 kg-1 VS; rice water 2), and a none to rather low content in heavy metals 
and hazardous substances, always well below the limits set by Danish law for application of 
waste products on land (Danish Ministry of Food and Environment, 2006). It further was 
shown to have a very low pH (ca. 3.64). This highlights rice water as a potentially 
commercially interesting organic acid. One application could for example be the acidification 
of animal slurry in-house, a technology commonly used in Denmark to reduce ammonia and 
methane emissions in animal houses. Yet, one drawback of this is that the acid typically used 
is sulphuric acid, which is problematic if the slurry should be used for biogas afterwards 
given the inhibitive effect of sulphur in anaerobic digestion. Organics acids could be a 
solution but are typically rather expensive. Therefore, the use of rice water (or concentrated 
rice water) as an organic acid for slurry acidification could be a rather interesting avenue to 
further investigate.   
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Tests in continuously stirred tank reactors (CSTR) showed that the biopulp does allow to 
produce a stable biogas output, though it also showed that there were, for all 4 CSTR tests, 
an accumulation of dense particles (plastics, textiles; see Figure D3) around the mixing shaft 
and in the bottom of the feeder, often making it impossible to feed the reactors. This reflects 
potential clogging problems (with the pump, etc.) that could also occur in a large-scale. 
Except for one incidence with cooper, all biopulp samples were, for heavy metals and 
hazardous substances, below the limit prescribed by law for application of waste products 
on land (Danish Ministry of the Environment and Food, 2006). This one incident reflects an 
inevitable phenomenon with municipal household waste: there will always be irregular 
punctual events where abnormally high amount of hazardous substances are disposed of in 
municipal household waste. Interestingly however with this cooper incident, the digestate 
from that biopulp had a cooper content well below the legislative limit. One thing that 
should nevertheless be beard in mind is that biopulp, under the Danish framework 
conditions (legislative among others), is likely to not be digested alone, but as a co-substrate 
to manure (being ca. 75% of the mixture). Under these conditions, the (potential) 
contaminants in the biopulp from (potential) incident are diluted in the manure. It should 
also be mentioned that if more than 75% of the TS are from manure, then it is the 
agricultural legislation6 that applies for the application on land.  
The analysis performed after digestion showed, besides what could be expected (decrease in 
TS, increase in ammoniacal nitrogen, increased concentration in nutrients and heavy 
metals), the potential for the concentration in nonylphenols (NPE) to be decreased after 
digestion, reflecting that these may be degraded in the gas. However, no significant 
conclusions can be made with the small numbers of tests performed herein. 
The concentration in macro nutrients (N, P and K) found in the biopulp was more or less in 
the same range as expected for organic waste. 
Besides the abovementioned heavy metals and hazardous substances limited by law, it 
should be mentioned that the organic waste recovered from MHW may also contain other 
problematic substances such as pesticides, pharmaceuticals, hormones, etc. No test for this 
has been made in this study, but these should likely be tested as well if a framework is 
established where more organic household waste end up in biogas plants.  
The key drawback of applying the studied pre-treatment for mixed MHW is that the resulting 
biopulp presented a fairly high amount of visible contaminants (particles > 2 mm). This was 
quantified between 5 and 10 g contaminants per g TS for tests 1-4, but reached as high as 50 
___________________________________ 
 
6 Danish Ministry of Food and the Environment (2016). Bekendtgørelse om jordbrugets anvendelse af gødning I 
planperioden 2015/2016. 
https://naturerhverv.dk/fileadmin/user_upload/NaturErhverv/Filer/Landbrug/Goedningsregnskab/Bekendtgoe
relse_om_jordbrugets_anvendelse_af_goedning_i_planperioden_2015_2016.pdf  
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g contaminants per g TS for test 8. Not only can this cause problem in the reactor itself, as 
already discussed, but it could be an issue for applying it on land, at least in the long-term 
perspective. There are no regulations applying on this in Denmark at the moment, but as 
earlier mentioned there are in neighbouring countries (i.e. 0.5 g contaminants per g TS). 
These can make the farmers reluctant to use the digestate stemming from this biopulp on 
their land.  
The test performed investigated the effect of the type of waste input (mixed MHW vs 
source-separated) and the operating capacity: 
The results showed that no conclusions could be made on the influence of the 
operating capacity (50% vs 70%) on the flow capacity processed, or on the 
composition of the biopulp. However, there is a slight tendency that less metals and 
(hardly degradable) organics (such as woody materials) ended up in the residual 
fraction with the lower operating capacity (50%). Since the residuals were analysed 
only for 3 test runs, a need for additional investigation would be needed to confirm 
this tendency. It should however be highlighted that the operating capacity figures 
(i.e. 50 and 70%) referred to in this study does not refer to the one of the equipment, 
but to a manual setting at the plant. 
As for the waste type, the idea was to investigate if a waste that is pre-treated 
upstream (i.e. source-separation by citizens) could allow i) a higher flow capacity 
processed (because no textiles or other large particles should be found) and ii) a 
biopulp without excessive visible contamination (as there should be no light plastics 
or alike non-organic contaminants). Yet, the source-separated waste received was 
rather a garden waste than a food waste. This is due to the scheme in place in Nyborg 
allowing citizens to put “light” garden waste together with the separated food waste. 
An attempt was made to import waste from a Danish municipality where there is a 
long tradition for source-separation, but because of contracts in place this was not 
possible. Therefore, no conclusion can be made either on the hypothesis that source-
separated food waste from municipal households would allow a higher processing 
rate than mixed MHW and would end up in a biopulp with less visible contaminants. 
On a large-scale, the trade-off with source-separation is obviously that less organics 
can be recovered, as citizens will place a portion of these in another bin upstream 
(so-called mis-sorting), so these organics will never reach the pre-treatment unit. 
Obviously, the BMP obtained herein from the biopulp emerging from this source-
separated MHW were lower than those obtained with mixed MHW. That biopulp also 
showed a tendency for a higher heavy metals concentration (though well below the 
limits for application on land), except for cooper and zinc. 
The pre-treatment unit was quite effective in recovering the organics in the biopulp: an 
efficiency between 91%-99% was found, i.e. only between 1 and 9% of the organics ended 
up in the metal and residual fractions. The metal fraction was found to incorporate a rather 
high share of residuals (e.g. plastics) (20-40% of the total weight of the metal fraction). Yet, 
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this does not really cause any practical problems; the fraction can be sold as it is, and the 
compensation will be based on the content of (ferrous) metal only. The residual fraction, as 
expected, is a mixed of different fractions (light and heavy plastic, textiles, hardly-degradable 
organics, etc.) and was shown to be rather disparate. Therefore, it seems that incineration is 
the appropriate fate for it.   
In a nutshell, the results of Urban Energy indicate that it is possible to treat MHW with the 
pre-treatment investigated herein, and it does allow to generate a competitive substrate for 
biogas production (methane-wise), but the wide-spread implementation of this system 
would require the following improvements: 
• Greater operating flow 
• Getting rid of visible contaminants 
To do this, both upstream and downstream solutions could be possible. Upstream solutions 
such as an on-plant screening of the waste could be considered. “In-stream” solutions like a 
slow running hammer mill not breaking the plastics could help minimizing the visible 
contamination issue. Likewise, a smaller screen (against which organics are crushed) 
combined with the application of medium to high pressure could increase both the 
operating flow and purity of the biopulp. Finally, downstream solutions such as the use of a 
cyclone to separate the heavier contaminants (e.g. glass) combined to a separation of the 
light plastics by flotation could also improve the biopulp purity. These solutions, of course, 
should be tested against the economy of scale of MHW treatment concept. Furthermore, 
the digestate could be, under the right future framework conditions, e.g. thermo-gasified 
instead of being applied on land. In this case the visible contaminants would be less of a 
problem, though they may still involve issues with applying the resulting ashes on land.  
 
6 Conclusion 
This study has investigated the performance of a simple turnkey mechanical pre-treatment 
unit as a centralized solution to recover the organics from municipal solid waste. Test runs at 
the pre-treatment unit of N.C. Miljø in Nyborg were performed with MHW. On the basis of 
these, the following can be conclude: 
• It was possible to treat MHW with the mechanical pre-treatment investigated in this 
study 
• The pre-treatment unit was quite effective in recovering the organics in a liquid 
biopulp: an efficiency between 91%-99% was found, i.e. only between 1% and 9% of 
the organics ended up in the metal and residual fractions. 
• The produced biopulp from mixed MHW had a rather competitive biochemical 
methane potential (BMP), ranging between 480 – 560 NL CH4 kg-1 VS. 
• The produced biopulp had a content in macro-nutrients within the range of what is 
expected for organic waste. Its content in hazardous substances limited by law for 
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application on land was below the legislative limits. This also applies for heavy 
metals, though one extreme event with a particularly high cooper concentration did 
occur. 
• A stable biogas production could be produced when digesting the biopulp in 
continuously stirred tank reactors, and the concentration of the resulting digestate in 
hazardous substances and heavy metals was below the limit set by law in Denmark 
for application of waste product on land.  
• The two main draw-back observed, are: 
o The low operating flow capacity obtained (maximum 4 tonnes per hour) 
o The high amount of visible contaminants (particles above 2 mm) in the 
biopulp (between 5 and 10 g contaminants per g TS in the biopulp for most 
tests, but reached as high as 50 g contaminants per g TS in one test). 
• An attempt to test the performance of the pre-treatment unit with source-separated 
household waste was made, but this failed given the high share of garden waste in 
the source-separated waste received 
• Rice water (herein used as a process water) was found to be an interesting substrate, 
particularly for biogas applications. It was found to have a rather high BMP ( > 600 NL 
CH4 kg-1 VS) and a low pH. It was highlighted as a potentially interesting organic acid, 
for example as a substitute for sulphuric acid for slurry acidification, if the acidified 
slurry should be subsequently used for biogas. 
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Appendix A. Actual test procedure Urban Energy Testforløb - Trin for trin 
    Ca 
tidspunkt Aktivitet Init. udført 
08:00 
Snegl og hammermølle køres helt tom. 
N.C.Miljø   
Tjek at pulp er kørt tom 
08:20 
Fyldt container ved plast opsamlingen fjernes. 
Containeren skal køres helt væk fra området så der er fri 
passage til køretøjer og andre containere N.C.Miljø   
Løs plast fejes sammen og fjernes 
08:30 
Metal container tømmes og stilles tilbage under slisken. 
N.C.Miljø   
Løse metaldele fejes sammen og fjernes fra gulvet 
Færdig 
8:30 
Hele pladsen ryddes for containere, løse paller, slanger, 
værktøj mm, således at der er fri og sikker passage for 
personel og køretøjer. 
N.C.Miljø   
08:30 Opsætning af en stak paller der skal fungerer som arbejdsplads til sortering efter testkørslen.  
N.C.Miljø 
SDU   
08:40 
En tom komprimator til plast vejes og køres på plads 
under plastudgangen. Skal placeres så eventuelt spild 
minimeres. 
N.C.Miljø 
NFS   
08:45 En tom slamsuger vejes og kobles til anlægget. N.C.Miljø SDU   
08:50 Vandstanden i risvandstanken måles og noteres SDU   
08:50 Vandmåler aflæses og noteres SDU   
08:50 Elmåler aflæses og noteres SDU   
09:00 Affaldet der er forbehandlet med en neddeler dagen før vejes ind og læsses af. 
SDU 
NFS   
  De tomme renovationsbiler vejes. SDU NFS   
  Indfødningssneglen fyldes med forsøgs affaldet N.C.Miljø   
  Måleskemaer tjekkes SDU RenewEnergy   
  Plast container tjekkes SDU RenewEnergy   
09:30 Start testkørsel.     
  Der udtages en prøve på 20 L af risvandet. N.C.Miljø SDU   
  Der udtages 2 delprøver (ca. 80 L) af plastfraktionen.  SDU RenewEnergy   
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Delprøver af biopulpen udtages i 10 liters spande fra 
udtag mellem anlæg og slamsuger. Prøverne udtages med 
faste tidsintervaller således at der udtages ca. 10 
delprøver.  
SDU 
RenewEnergy   
  Hele metalfraktionen opsamles, til videre sortering.     
11:30 Org. Slut testkørsel.     
  Elmåler aflæses SDU   
  Vandmåler aflæses. SDU   
  Risvand måles. SDU   
  Slamsuger vejes. N.C.Miljø SDU   
  Plastcontainer vejes. SDU NFS   
  Metal overføres til en balje og vejes.  SDU RenewEnergy   
12:00 N.C.Miljø kan igen benytte deres anlæg.     
12:00 Videre sortering: SDU RenewEnergy   
  Volumen og vægt af biopulpdelprøverne bestemmes. 
SDU 
RenewEnergy   
  Mix af biopulpdelprøverne i cementmixer. SDU RenewEnergy   
  Metal- og restfraktion:     
  De enkelte delprøver vaskes i en cementblader og en repræsentativ prøve af vandet gemmes til senere analyse.  
SDU 
RenewEnergy   
  De vaskede delprøver sorteres og delkategorierne tørres og vejes. 
SDU 
RenewEnergy   
 
  
     
Appendixes 
 
   24 
Appendix B. Additional details on the sampling procedure 
The individual test runs took between 30 and 90 minutes and the sampling is done time 
proportional, since the treatment plant is operating at a constant flow.  
1. Sampling of the Metal and Residual Fractions 
During processing a number of samples will be taken directly from the output conveyors, to 
insure complete mass (including liquids).  
When taking a sample a bucket is placed beneath the conveyor belt collecting the waste 
from the entire belt width. For every ton of waste, 1 subsample of approximately 10 kg is 
taken.  
These samples are combined and then mixed. Any draining liquid is collected before the 
solid fraction is taken for the analysis of the reject fraction. 
The procedure is performed for both the metal and residual fractions. 
Equipment: 
• Sampling buckets or containers covering the widths of the conveyor. 
• 2 Large containers to hold the combined samples. This should be designed with a 
false boom (2/3 down), consisting of a 5 mm screen. 
• Scale to weigh samples 
2. Sampling of the Biopulp  
Produced biopulp is collected in a municipality truck of a known capacity. The truck is 
weighted before and after loading it with the biopulp. 
During each test run, subsamples of biopulp are taken every 7 – 10 minutes directly from the 
sampling outlet with a bucket covering the entire diameter of the outlet. For every ton of 
input waste 1 subsample of 10 litres of biopulp is collected. 
3. Handling the Biopulp Samples 
An equal volume of all the subsamples is mixed thoroughly to create one main sample. For 
each test run approximately 100 L of biopulp is collected for further analysis and in order to 
ease the handling of this large amount it is divided into 10 L containers.   
The biopulp is subjected to a variety of analysis and since it is not possible to do them all at 
once a large part of the sample is frozen immediately in order to stop any biological or 
chemical degradation of the sample. The sample that is used for chemical analysis is not 
frozen, but it is placed in a refrigerator and analysed during the next day. 
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Appendix C. Washing & Analysis of the Metal and Residual 
Fractions 
1. Composition of the Metal and Residual Fractions 
The subsamples are weighed (Table C1) and transferred to a cement mixer (Figure C1) for 
the washing procedure. 
 
Table C1: Composition of metal and residual fraction. 
Sample Total Mass + bucket [kg] Bucket [kg] Added water [L] 
Metal fraction 1    
Residual fraction 1    
Metal fraction 2    
Residual fraction 2    
 
 
 
Figure 2: Washing of the fractions in the cement mixer. 
 
Tap water is added and washing occurs in 2 steps: 
1. Washing with 50 L cold water for approx. 10 min, decanting of water by tilting into a 
collecting bucket with a 2 mm screen 
2. Washing with 30 L cold water for approx. 10 min, decanting of water by tilting into a 
collecting bucket with a 2 mm screen 
The reject fraction in the cement mixer is transferred to a sorting table. The following 
fractions are removed by positive sorting: 
1. Bio-degradable materials, followed by division into easily degradable and slow 
degradable (bones, sticks) 
2. Metals are removed from the remaining non-biodegradable materials (to test 
potential left into the reject for incineration after magnetic separation) 
 
After thorough mixing, a subsample is taken for some of the test runs from the 
biodegradable materials sorted, for TS and VS analysis. 
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Another subsample is taken from the wash water for further TS and VS analysis. 
 
After separation: 
- Weight of the metals in residual and metal fraction is analyzed (Table C2). 
Table C2: Amount of separated metals. 
Sample 
Tray 
[kg] 
Wet Metal fraction (+ tray) 
[kg] 
Dry Metal fraction (+ tray) 
[kg] 
Metal fraction 1    
Residual fraction 1    
Metal fraction 2    
Residual fraction 2    
 
 
- Amount of organics in the metal and residual fractions is indicated (Table C3). 
Table C3: Amount of separated organics. 
Sample 
Tray 
[kg] 
Wet Organic fraction (+ tray) 
[kg] 
Dry Organic fraction (+ tray) 
[kg] 
Metal fraction 1    
Residual fraction 1    
Metal fraction 2    
Residual fraction 2    
 
- Amount of “residuals” (plastics, textiles, etc.) in the metal and residual fractions is 
indicated (Table C4). 
Table C4: Amount of separated residuals. 
Sample 
Tray 
[kg] 
Wet Residual fraction (+ tray) 
[kg] 
Dry Residual fraction (+ tray) 
[kg] 
Metal fraction 1    
Residual fraction 1    
Metal fraction 2    
Residual fraction 2    
 
2. Organic Content of the Rejects 
Organic content, TS and VS in rejects (wash water) is analysed to see how much of organics 
is lost within the metal and residual fraction (Table C5). 
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Table C5: Wash water analysis. 
Sample 
analysed 
From which 
fraction 
COD 
[%] 
Std. dev. 
[%] 
TS 
[%] 
Std. dev. 
[%] 
VS 
[%] 
Std. dev. 
[%] 
Wash 
water 
1 – Metal 
fraction 
      
 
1 – Residual 
fraction 
      
 
2 – Metal 
fraction 
      
 
2 – Residual 
fraction 
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Appendix D. Analysis of the Biopulp  
1. Purity Test, visible contamination >2mm (glass, metal, plastics) 
The analysis is performed on 1 litre subsamples of biopulp from each test batch. 
The pulp is sieved through a 2mm mesh. If sieving was not possible due to thickness of the 
biopulp, small subsamples are squeezed to remove water, and the particles are collected 
from dried solids by tweezers. 
The inorganic material is collected at the separate tray and dried (TS) (Table D1). 
Table D1: Analysis of impurities in the biopulp. 
Test 
Mass of non-organics in 1 L biopulp 
[g/L] 
TS pulp 
[g/L] 
g/g TS 
[%] 
09/04/2015 - Test…    
 
Pictures of the particles removed can be found below (Figure D1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Bio Methane Potential 
The bio methane potential tests (BMP batch tests) is performed according to DS/EN ISO 
11734 (ISO, 1998). The BMP test runs for 60 days, and provide the so-called ultimate 
methane potential. This is a value resulting from a standardized test, which is, in practice, 
commonly used to estimate the amount of methane that can be produced when digesting a 
given substrate. 
Figure D1: Inorganics removed from 1 litre of the biopulp. 
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3. Lab Scale Biogas Production 
In order to simulate realistic conditions for the digestate composition, samples of the 
collected biopulp are feeded to a continuously stirred tank reactor (CSTR) with an operating 
volume of 16 L (Figure D2).  
 
Figure D2: CSTR. 
The amount of impurities retained in the CSTR after the test can be seen at Figure D3. 
 
Figure D3: Impurities accumulated in the CSTR after the test. 
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Appendix E. Chemical Analysis 
The biopulp will be tested for the following biological and chemical parameters: 
1. Heavy metals  
Heavy metals analysis regulated in “Slambekendtgørelsen”; Danish Ministry of the 
Environment & Food (2006), performed with the help of external lab – AgroLab (Table E1). 
Table E1: Methods for heavy metals analysis. 
Heavy metal Method 
Arsenic DS EN ISO 17294-2 
Lead DS EN ISO 11885 
Cadmium DS EN ISO 11885 
Chromium DS EN ISO 11885 
Copper DS EN ISO 11885 
Nickel DS EN ISO 11885 
Mercury EN 1483 
Zinc DS EN ISO 11885 
Chromium VI DIN 19734(OB) 
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2. Environmental hazardous substances 
Environmental hazardous substances regulated in “Slambekendtgørelsen”; Danish Ministry 
of the Environment & Food (2006). Performed with the help of external lab – AgroLab (Table 
E2). 
 
Table E2: Methods for environmental hazardous substances analysis. 
Compound Kind Method 
Polycyclic aromatic 
hydrocarbons (PAH) 
Acenaphthene VDLUFA VII, 3.3.3(OB) 
Acenaphthylene VDLUFA VII, 3.3.3(OB) 
Benzo (a) anthracene VDLUFA VII, 3.3.3(OB) 
Benzo- (a) -pyrene VDLUFA VII, 3.3.3(OB) 
Benzo (b) fluoranthene VDLUFA VII, 3.3.3(OB) 
Benzo (ghi) perylene VDLUFA VII, 3.3.3(OB) 
Benzo (k) fluoranthene VDLUFA VII, 3.3.3(OB) 
Chrysene VDLUFA VII, 3.3.3(OB) 
Fluoranthene VDLUFA VII, 3.3.3(OB) 
Indeno (1,2,3-cd) pyrene VDLUFA VII, 3.3.3(OB) 
Naphthalene VDLUFA VII, 3.3.3(OB) 
Phenanthrene VDLUFA VII, 3.3.3(OB) 
Fluoride VDLUFA VII, 3.3.3(OB) 
Pyrene VDLUFA VII, 3.3.3(OB) 
Anthracene VDLUFA VII, 3.3.3(OB) 
Dibenzo (ah) anthracene VDLUFA VII, 3.3.3(OB) 
PAH acc. EPA VDLUFA VII, 3.3.3(OB) 
Softeners Di-ethylhexyl-phthalate (DEHP) GC/MSD(A8) 
NPE- compounds 
Nonylphenol GC/MS 
Nonylphenol Monoethoxylate GC/MS 
Nonylphenol Diethoxylate GC/MS 
Sum of Nonylphenols GC/MS 
Other parameters LAS MeOH-Ekstraktion, HPLC/UV 
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3. Chemical and physical composition 
Chemical and physical composition analyzed at SDU and by AgroLab (S, Fe, TS) (Table E3). 
Table E3: Methods for chemical and physical composition analysis. 
Test Name Method 
COD Chemical Oxygen Demand Hach Lange cuvettetest 
TOC Total Organic Carbon Hach Lange cuvettetest 
TKN Total Kjeldah Nitrogen ASTM D3590 
NH3 & NH4+ Ammonia & Ammonium ASTM D3590 
TP Total Phosphorus Hach Lange cuvettetest 
K Potassium Hach Lange cuvettetest 
Fe Iron DS EN ISO 11885 
S Sulfur DS EN ISO 11885 
TS Total Solids Gravimetric method 
VS Volatile Solids Gravimetric method 
pH  pH meter 
density  Gravimetric method 
viscosity  Visco 88 instrument 
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Appendix F. Potential for downstream treatment of the 
biopulp 
 
1) Liquid / solid separation by centrifugation 
The liquid from the mixed household biopulp for the test with the highest (Test 8) 
and the lowest (Test 4) impurities content per amount of total solids is stored for 
testing of visible contamination content, physical and chemical composition (Figure 
25).  
 
 
Figure F1: Samples used for centrifuge. 
 
Centrifugation was done in the lab scale centrifuge – Rotina 420 R with capability of 4 
samples, 600 ml each. 
 
2) Reducing the amount of impurities after cyclone process 
A high content of inorganics in the biopulp is not suitable for anaerobic digestion. 
Here, the efficiency of a new system applied at NC Miljø – the addition of a cyclone at 
the end of the treatment process for the biopulp – is investigated. The cyclone acts as 
a centrifuge to settle impurities at the bottom. In this test, all the biopulp parameters 
before and after the cyclone were analyzed. The biopulp used for this process comes 
from the supermarket waste currently processed N.C. Miljø. It is thus not a test run, 
but was collected as part of the normal routine at the company. 
 
In order to ensure for a reasonable repeatability error, each test are carried out in triplicate 
(in other words, there were always 3 tests per sample of biopulp, and the average and 
standard deviation from it is derived). 
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Efficiency of downstream separation 
Cyclone process 
 
a) Biopulp purity 
The same biopulp sample was analysed for the amount of inorganics in it before and after 
the cyclone process (Figure F2). 
 
Figure F2: Impurities content in sample before (left) cyclone process and after (right). 
Amount of the inorganics was calculated before and after the cyclone treatment (Table F1). 
Table F1: Amount of impurities in a sample before and after cyclone process. 
 
 
 
 
 
Considering the amount of inorganics normalised by TS content, the reduction achieved was 
equal to 31% and resulted in a final impurities content equal to 1.8 g/gTS, which still cross 
the Swedish limit of 0.5 g/g TS (SP Technical Research Institute of Sweden, 2015). 
 
b) Organics and nutrients content 
The amount of organic matter, as reflected by COD measurements, and the amount of 
nutrients was measured and is presented in Table F2. 
Sample Impurity [g/L] 
TS pulp 
[g/L] 
g/g TS 
[%] 
Before cyclone 4.43 152.78 2.9 
After cyclone 2.31 131.6 1.8 
     
Appendixes 
 
   35 
 
Table F2: Organic and nutrients content in the biopulp before and after the cyclone process. 
Sample TS [w. %] 
COD 
[g/gTS] 
TOC 
[w. % of 
TS] 
TKN 
[w. % of 
TS] 
NH4 
[w. % of 
TS] 
P 
[w. % of 
TS] 
K 
[w. % of 
TS] 
Sup. waste before 
cyclone process  15.0 1.1 26 5.2 4.72 0.25 0.47 
Sup. waste after 
cyclone process 13.1 1.2 29 5.7 3.90 0.25 0.67 
Reduction in 
amount [%] 13% -7% -10% -10% 17% 2% -43% 
Manure* (pig 
slurry) 6.9 - 50 8 6 2 4 
* ex-housing 
As expected, the cyclone process is not affecting the content of organics and nutrients in the 
treated biopulp sample. It is also interesting to note that the TKN of the supermarket waste 
biopulp is ca. twice as high to that of MHW biopulp, while the P and K concentrations are 
similar. 
 
 
 
     
Appendixes 
 
   36 
 
c) Heavy metals 
The heavy metal content was also analysed for a sample before and after the cyclone process (Table F3). 
 
Table F3: Heavy metals content in the biopulp before and after the cyclone process. 
Sample 
Arsenic 
[mg/kg 
TS] 
Lead 
[mg/kg 
TS] 
Cadmium 
[mg/kg 
TS] 
Chromium 
[mg/kg 
TS] 
Copper 
[mg/kg 
TS] 
Nickel 
[mg/kg 
TS] 
Mercury 
[mg/kg 
TS] 
Zinc 
[mg/kg 
TS] 
Cr VI 
[mg/kg 
TS] 
Iron 
[mg/kg 
TS] 
Sup.waste before 
cyclone process  
<0.5 0.58 <0.08 1.6 9 1.2 <0.03 35 <1 653 
Sup. Waste after 
cyclone process 
<0.5 1.4 <0.08 1.8 13 1.8 <0.03 46 <1 934 
Reduction in 
amount [%] 
- -141% - -13% -44% -50% - -31% - -43% 
Limit for 
application on 
land* 
- 120 0.8 100 1000 30 0.8 4000 - - 
*Danish Ministry of the Environment and Food (2006) 
 
The concentration in heavy metals is slightly higher after the cyclone process, though still within the legislative limits. This reflects the removal 
of inert materials such as glass. 
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d) Hazardous and environmentally harmful substances 
Results of hazardous and environmentally harmful substances are presented in Table F4. 
Table F4: Hazardous and environmentally harmful substances content in the biopulp before and after the 
cyclone process. 
Sample DEHP [mg/kg TS] 
NPE 
[mg/kg TS] 
LAS 
[mg/kg TS] 
S 
[% of TS] 
Sup.waste before cyclone process  0.76 <0.1 <50 0.20% 
Sup. Waste after cyclone process 1.7 1.4 134 0.21% 
Reduction [%] -124% -1300% -168% -5% 
Limit * 50 10 1300 - 
* Danish Ministry of the Environment and Food (2006) 
As for heavy metals, the concentration of hazardous substances is higher after the 
cyclone process, reflecting again the removal of inert TS. 
 
Centrifugation 
Centrifufation allow to separate liquid wastes in two fraction: a solid and a liquid one. In 
order to check if it could be possible to keep the impurities in one fraction without losing the 
organics and nutrients, a centrifugation test was performed for the biopulp sample with the 
highest (Test 8) and the lowest (Test 4) impurities. The resulting liquid fractions were 
analysed for their physical and chemical composition. 
a) Biopulp purity 
The liquid fraction of the biopulp was analysed for the presence of inorganics in it before 
and after the cyclone process for Test 4 (Table F5). 
Table F5: Impurities in liquid fraction of biopulp from test 4. 
 
 
 
 
 
As shown in Table F5, centrifuging allowed a high reduction of impurities (71%), though 
still above the limit value set up in Sweden (<0.5%) (SP Technical Research Institute of 
Sweden, 2015). 
 
Sample 
Test 4 
Impurity  
[g/L] 
TS pulp  
[g/L] 
g/g TS  
[%] 
Biopulp 4.4 85.4 5 
Liquid fraction 0.4 27.8 1.5 
Reduction [%] 91% 67 % 71 % 
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Results for the biopulp from test 8 are shown in Table F7. 
Table F6: Impurities in the liquid fraction of biopulp from test 8. 
Sample 
Test 8 
Impurity 
[g/L] 
TS pulp 
[g/L] 
g/g TS 
[%] 
Biopulp 44.9 89 50 
Liquid fraction 0.6 17.8 35 
Reduction [%] 99 % 80 % 43 % 
 
Here, a less impressive reduction of 43% was achieved. 
 
b) Organic and nutrients content 
The amount of organics and nutrients in the liquid fraction was measured and compared 
with the original biopulp samples (Table F7). 
Table F7: Organic and nutrients content in the liquid fraction and in total biopulp. 
Sample COD [g/gTS] 
TOC 
[w. % of TS] 
TKN 
[w. % of TS] 
NH4 
[w. % of TS] 
P 
[w. % of TS] 
K 
[w. % of TS] 
Test 4 
Biopulp 1.41 38 2.2 0.21 0.43 0.48 
Liquid 
fraction 1.94 1 3.8 1.65 0.01 0.03 
Change 
[%] +40 % -100 % +70 % +690 % -100 % -90 % 
Test 8 
Biopulp 0.65 4 2.9 6.68 0.20 0.40 
Liquid 
fraction 1.09 0.6 11 3.61 0.01 0.03 
Change 
[%] +70 % -85 % +280 % -50 % -95 % -90 % 
 
In both cases, the COD and TKN concentration increased, while the concentration of 
TOC, P and K has been decreased. This reflects that most of the N ended up in the liquid 
fraction, and that important amounts of P and K were transferred in the solid. 
In brief, the centrifugation test performed herein indicate a certain potential to reduce 
the visible contamination. However, these would then only be transferred to the solid 
fraction, which also contains valuable macro-nutrients. 
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